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Objective: Osteoarthritic degeneration may be initiated by mechanical overloading of articular cartilage.
Mechanical injury increases the permeability of tissue, thereby probably affecting the diffusion of
contrast agents in articular cartilage. We investigated whether it is possible to detect acute cartilage
injury by measuring contrast agent diffusion into articular cartilage using contrast enhanced computed
tomography (CECT).
Methods: Osteochondral plugs (Ø¼ 6.0 mm, n¼ 36) were prepared from intact bovine patellae (n¼ 9).
Two of the adjacent samples were injured by impact loading, using a drop tower, while the others served
as paired controls. The samples were imaged before immersion in contrast agent solution [ioxaglate
(Hexabrix) or sodium iodide (NaI)] and 1, 3, 5, 7, 10, 15, 20 and 25 h after immersion using a MicroCT-
instrument. Contrast agent content, diffusion coefﬁcient and diffusion ﬂux were determined for each
sample.
Results: Already after 1 h the penetration of contrast agents into cartilage was signiﬁcantly (P< 0.05)
greater in the injured samples. The diffusion coefﬁcient was not altered by the injury, which suggests
that reaching the diffusion equilibrium takes the same time in injured and intact cartilage. However,
the diffusion ﬂux of ioxaglate through the articular surface was signiﬁcantly higher in injured samples at
30e60 min after immersion.
Conclusions: To conclude, CECT could diagnose articular cartilage injuries, and determination of the
diffusion ﬂux of ioxaglate helped to detect tissue injury without waiting for the diffusion equilibrium.
These results are encouraging, however, in vivo application of CECT is challenging and systematic further
studies are needed to reveal its clinical potential.
 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
In osteoarthritis (OA), articular cartilage that protects the
articulating bones gradually degenerates. This occurs usually as the
natural repair cycle in cartilage is disturbed, leading to progressive
degradation1,2. However, osteoarthritic degeneration may also be
initiated by mechanical overloading and injury of articular
cartilage3e5. For effective treatment and prevention of the
progressive tissue degeneration it would be important to detect the
injury immediately after the insult. Currently, cartilage damage is
diagnosed using clinical examination by a physician, usuallyHarri Kokkonen, Department
.O. Box 1627, 70211, Kuopio,
nen).
s Research Society International. Pfollowed by a radiographic (X-ray) examination. If needed,
arthroscopy and/or MR imaging may be conducted. Unfortunately,
cartilage is not visible in X-ray images, arthroscopy is an invasive
method and the limited resolution and availability of magnetic
resonance imaging (MRI) restrict their feasibility for diagnosis of
cartilage injuries. Indeed, the detection of a minor acute cartilage
trauma is difﬁcult or even impossible with the present clinical
methods.
Delayed gadolinium enhanced magnetic resonance imaging of
cartilage (dGEMRIC) and contrast enhanced computed tomography
(CECT) have been proposed for diagnostics of proteoglycan (PG)
loss in OA6e9. In these methods anionic contrast agents are
assumed to distribute mainly by diffusion into the cartilage in an
inverse proportion to the spatial distribution of ﬁxed charge
density (FCD) in cartilage matrix6,10. However, it has been reported
in vitro that diffusion of clinical contrast agents may reach equi-
librium only after 8e9 h10.ublished by Elsevier Ltd. All rights reserved.
Fig. 1. (A) An osteochondral plug (Ø¼ 25.4 mm) was drilled from a bovine patella and
trimmed to leavew2 mm of bone under the cartilage. The disc was then cut into four
similar pieces and smaller osteochondral plugs (Ø¼ 6.0 mm) were punched from each.
(B) The drop tower used to injure cartilage. The impacting weight (m¼ 500 g) was
dropped from the height of 15 cm on the osteochondral sample (Ø¼ 6 mm). (C) A
magniﬁed CT-image of one representative sample. The cartilage is delineated with
a solid line and the analysed area with a dashed line. The width of the analysis area was
100 pixels (i.e., 3010 mm), and height was matched with the full cartilage thickness. (D)
The magniﬁed image of the analysed area. (E) A proﬁle curve corresponding to the
depth-wise contrast agent distribution. The pixel rows in the subﬁgure D were hori-
zontally averaged to give one proﬁle for the depth dependent X-ray absorption. Thus,
every point in the proﬁle corresponds to one row in the X-ray absorption map parallel
to the articular surface.
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permeability and solute diffusion in articular cartilage11,12. It has
been suggested that diffusion rate may signiﬁcantly depend on the
steric hindrance and thereby on the structural integrity of the
cartilage matrix10,13. In an earlier study intact and enzymatically
degraded cartilage discs were imaged using high resolution
computed tomography enhanced with different gadolinium based
contrast agents (electrical charge q¼þ3, 2 or 0). The contrast of
the CT-image was decreased by 12% for the positively charged
contrast agent in degraded cartilage, increased by 15% for the
negatively charged contrast agent and, importantly, increased by 4%
for the uncharged contrast agent14. As the content of negatively
charged PGs decreases along enzymatic the degradation, the
contrast changes are expected when using charged contrast agents.
However, the increase in contrast with uncharged contrast agents
suggests that not only the charge contributes to diffusion. Further-
more, the diffusion of anionic contrast agent into enzymatically and
mechanically degraded cartilage can increase without any signiﬁ-
cant change in tissue PG content15. It is known that the mechanical
injury increases the permeability of articular cartilage16, and as
tissue permeability controls the diffusion of solutes12, it might be
possible to detect an acute cartilage injury by measuring contrast
agent diffusion into articular cartilage using CECT.
Diffusion process can be described by diffusion coefﬁcient (D)
and diffusion ﬂux (J). The diffusion coefﬁcient is speciﬁc for the
solute of interest and for the tissue it is diffusing through.While the
diffusion coefﬁcient deﬁnes the time in which the diffusion equi-
librium is reached17, the diffusion ﬂux indicates the rate of the net
movement of molecules across a unit area (e.g., articular surface).
Radial diffusion coefﬁcients in articular cartilage have been deter-
mined for various molecules13,18,19. However, the radial diffusion is
not clinically as interesting as axial diffusion as the diffusion is
possible only through the articular surface after an intra-articular
injection of contrast agent. Furthermore, cartilage structure is more
constant in radial direction than in axial direction, making the
comparison of axial and radial diffusion complicated. The axial
diffusion coefﬁcients, determined using radioactive tracers,
increase as the size of the diffusing molecule decreases20e22.
The aim of this studywas to investigate the potential of the CECT
to diagnose an acute mechanical injury of articular cartilage. For
this aim intact and mechanically injured cartilage samples were
imaged using two anionic contrast agents and contrast agent
content, diffusion coefﬁcient and diffusion ﬂux were determined
for intact and injured samples.
Methods
Intact bovine patellae (n¼ 9) were prepared within 6 h from
slaughtering at a local abattoir (Atria Oyj, Kuopio, Finland). Four
osteochondral plugs (cartilage thickness¼ 1.75 mm [1.69 1.81]
(mean and [95% conﬁdence interval (CI)]), Ø¼ 6.0 mm, n¼ 36)
were detached from each patella [Fig. 1(A)]. A layer (w2 mm) of
subchondral bone was left on the samples to protect the articular
cartilage under impact23. Two of the plugs served as intact refer-
ence samples while the other two were mechanically injured. One
injured and one intact sample from each patella were selected for
an experiment with each contrast agent. Thus, in each of the four
groups there was one sample from each patella, i.e., total of nine
independent samples in each group. Using a custom-made drop
tower, the samples were injured by dropping a weight of 500 g on
the sample from the height of 15 cm [momentum of theweight was
P¼ 0.387 kgm/s at the moment of impact, Fig. 1(B)]. The magnitude
of the impact was chosen to create minor cracks on the articular
surface24. To prevent any signiﬁcant creep deformation the weight
was lifted from the sample within 1 s after the impact. Aftermechanical injury the sample was immersed in phosphate buffered
saline (PBS) for 2 h at room temperature.
For diffusion experiment the sample sideswere carefully covered
with parafﬁn to allow the contrast agent penetration only through
the articular surface. Subsequently, three intact and three injured
samples were mounted on a plastic container. Contrast agent diffu-
sion in the samples was imaged for 25 h in 30 ml bath of PBS
(including 5 mM ethylenediaminetetraacetic acid (EDTA) and
2.7 mM KCl as inhibitors of proteolytic enzymes) containing 10 mM
anionic ioxaglate (q¼1,1269 g/mol, HexabrixTM,Mallinckrodt Inc.,
St. Louis, MO, USA) or 60 mManionic iodine (dissociatedNaI, q¼1,
126.9 g/mol, SigmaeAldrich Co., St. Louis, MO, USA). Contrast agent
concentrations were chosen to produce similar X-ray absorption.
The contrast agent solutions were adjusted to be of physiological
osmolarity10. The pH of the solutions was adjusted to 7.4.
The contrast agent distribution in articular cartilage was deter-
mined by means of CECT after 1 h, 3 h, 5 h, 7 h, 10 h, 15 h, 20 h and
25 h immersion using a microCT-instrument (SkyScan 1172, Sky-
Scan,Kontich, Belgium). The tubevoltage andvoxel sizewere100 kV
and 30.130.130.1 mm3, respectively. To enhance the signal-
to-noise-ratio 100 full thickness cartilage sections (width¼ 3010 mm,
thickness¼ 30.1 mm) acquired at the center of the sample were
averaged. Subsequently, the pixel rows in the summarized image
were horizontally averaged to provide one proﬁle showing the depth
dependent X-ray absorption. Thus, every point in the proﬁle corre-
sponds to one row in the X-ray absorption map parallel to the artic-
ular surface [Fig. 1(CeE)].
The depth dependent, sample-wise X-ray absorption proﬁles of
native cartilage before contrast agent immersion were subtracted
from the absorption proﬁles recorded during the immersion
in contrast agent solution. For calculation of the contrast agent
concentration in cartilage, X-ray absorption of the contrast
agent was calibrated using phantoms with known contrast agent
concentrations ranging from 5 mM to 20 mM and from 30 mM to
Fig. 2. (A) Average contrast agent distribution proﬁles in intact (n¼ 9) and injured (n¼ 9) samples at different time points. Zero denotes articular surface and one deep cartilage.
(B) The difference in contrast agent partition between the injured and reference samples. At all time points the contrast agents show greater partition in the injured samples than in
the intact ones (P< 0.05). The depth-wise difference between the intact and injured tissue in the partition of ioxaglate is nearly constant at all time points, whereas iodide shows
some time dependent changes.
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contrast agent concentration proﬁles of the samples were nor-
malised with the bath concentration. From these proﬁles the nor-
malised average contrast agent concentrations in the full thickness
cartilage, and the depth-wise proﬁles for differences between the
intact and injured samples, were calculated. The microCT-images
were analysed usingMATLAB (r2008a, MathWorks Inc., Natick, MA,
USA).
Using a one-dimensional (1D) ﬁnite element (FE) model (COM-
SOL 3.5, COMSOL Inc., Burlington, MA, USA), originally presented in
ourearlier paper25, thediffusion coefﬁcientwasdetermined foreach
sample by applying the Fick’s second law17:
vC
vt
¼ Dv
2C
vx2
(1)
where C is concentration and x is position along the cartilage depth.
In the model, the diffusion was allowed only through the articular
surface, cartilagewas assumed radially homogenous and the length
of the 1D FE-geometry was speciﬁc to thickness of each cartilage
disc. The FE-geometry consisted of 15 1D-elements evenly distrib-
uted along the cartilage depth. Concentration at the diffusion
interface (i.e., articular surface) was assumed to be constant and the
contrast agent diffusion ﬂux through the cartilage-subchondral
bone interface was assumed to be negligible. The determined
diffusion coefﬁcient represents a tissue-averaged value as the
model was ﬁtted to the contrast agent concentration averaged over
the full tissue depth as a function of time. The unconstrained
nonlinear minimization routine of MATLAB (r2008a, MathWorks
Inc.) was used for optimization of the diffusion coefﬁcient byminimizing the mean square error between the experimental and
simulated concentrations at different time points.
The diffusion ﬂux is directly proportional to concentration
gradient and it is always directed towards the lower concentration.
It describes the rate of the net movement of molecules across a unit
area. The diffusion ﬂux through cartilage surface can be deﬁned as
J ¼ hvC
vt
(2)
where h is the cartilage thickness and C is the bulk concentration
within the sample. For accurate mathematical description of the
time dependent concentration, the following exponential function
was ﬁtted to the experimental data using MATLAB (r2008a,
MathWorks Inc.).
C ¼ a

1 ebt

þ c

1 edt

; (3)
where a, b, c and d are the ﬁtted parameters. Then, the diffusion ﬂux
was calculated for each sample using the equation 2 and the ﬁtted
function.
After the CECT measurements the samples were cut into halves,
and one half was proceeded for biochemical analysis of water,
uronic acid and hydroxyproline contents and the other for histo-
logical analysis of tissue integrity.
Biochemical analyses were used to determine the water-, uronic
acid-, and hydroxyproline contents in the tissue. Water contents
were determined from the difference between the wet weights and
dry weights after freeze-drying for 17 h. Subsequently, the freeze
dried samples were incubated with a 1 mg/ml concentration of
Fig. 3. Safranin-O stained histological sections of the cartilage samples after the experiment and the microCT-image of the same region after 1 h immersion in contrast agent.
(A) Intact sample in iodide. (B) Intact sample in ioxaglate. (C) Injured sample in iodide and (D) injured sample in ioxaglate. The mechanically induced cartilage injury can be detected
from the contrast enhanced CT-images.
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5 mM EDTA at pH of 6.5 and 60C for 3 h to digest the PGs. The
samples were boiled for 10 min to inactivate the enzyme. The
uronic acid content, which is an indicator of tissue PG content, was
quantiﬁed from the ethanol-precipitated samples26. Hydroxypro-
line content, which corresponds to collagen content, was deter-
mined from the freeze dried and papain digested samples after
hydrolysis with spectrophotometric assay27. The amount of
hydroxyproline and uronic acid content was determined three
times for each sample and the amounts were normalised to the wet
weights of the samples to compensate for the variation in the
sample sizes.
Optical density (OD) measurements were conducted to quantify
the distribution of PGs in the tissue. The decalciﬁed samples were
embedded into parafﬁn and ﬁve 3 mm thin slices were cut and
stained with Safranin-O (Fig. 3). The OD measurements were con-
ducted using a computer-controlled CCD camera (SenSys, Photo-
metrics Inc., Tucson, AZ, USA) attached to a light microscope (Leitz
Orthoplan, Leitz, Wetzlar, Germany).
The signiﬁcance of differences between the properties of intact
and injured tissue was tested with the Wilcoxon Signed Ranks-test
(SPSS 14.0.1, SPSS Inc., Chicago, IL, USA).Results
For both contrast agents the penetration was greater in the
mechanically injured samples than in the control samples
(P< 0.05, at all time points, Fig. 2, Table I). The injury could be
detected using both ioxaglate and iodide, however, the detection
was more sensitive with ioxaglate as the difference in partition of
ioxaglate between the intact and injured tissue was signiﬁcantly
greater (P< 0.05, at all time points, n¼ 9 in all four sample
groups). The difference in the ioxaglate concentration betweenTable I
Normalised contrast agent concentrations (% of the immersion solution concentration, me
the contrast agent penetrationwas greater in the mechanically injured samples than in th
reference samples was greater with ioxaglate than with iodide (P< 0.05, at all time poin
Ioxaglate (reference) Ioxaglate (injury) P
1 h 47.0 [44.0, 50.0] 54.3 [50.8, 57.9] 0.01
3 h 58.5 [56.2, 60.9] 67.2 [65.0, 69.3] 0.00
5 h 64.3 [61.4, 67.2] 71.2 [68.7, 73.7] 0.00
7 h 67.2 [64.5, 69.8] 74.8 [72.5, 77.1] 0.00
10 h 69.1 [66.8, 71.5] 75.3 [73.0, 77.6] 0.00
15 h 70.6 [68.2, 73.1] 77.8 [75.1, 80.5] 0.00
20 h 71.1 [68.4, 73.7] 78.0 [75.6, 80.4] 0.00
25 h 71.2 [68.3, 74.1] 78.9 [76.4, 81.3] 0.00the intact and injured samples was greatest in deep cartilage and
between mid-cartilage and articular surface (Fig. 2). With iodide
the difference was largest in the mid-cartilage (Fig. 2). The depth-
wise difference in the contrast agent partition between the intact
and injured tissue was nearly constant for ioxaglate at all time
points, whereas for iodide, time dependent changes were revealed
(Fig. 2).
The diffusion ﬂux of ioxaglate through the articular surface
was higher (P¼ 0.039) in injured (J¼ 7.5$107 mol/sm2 [6.4, 8.7])
than in intact samples (J¼ 6.3$107 mol/sm2 [5.1, 7.4]) at 1 h after
immersion (Table II). However, the diffusion ﬂux of iodide was not
signiﬁcantly higher in injured samples (J¼ 28.1$107 mol/sm2
[21.6, 34.6]) than in intact samples (J¼ 23.1$10-7 mol/sm2 [18.2,
34.6]). The diffusion coefﬁcient of both contrast agents was
unaltered due to the tissue injury (Dinjured¼ 341 mm2/s [294, 389]
vs Dreference¼ 326 mm2/s [293, 360] for ioxaglate, and Dinjured
¼ 869 mm2/s [776, 962] vs Dreference¼ 937 mm2/s [788, 1087] for
iodide, Table II).
Biochemical analysis of bulk tissue revealed no signiﬁcant PG
(uronic acid) loss after injury. However, the digital densitometry
analyses indicated that the PG content was decreased in both
injured sample groups (Figs. 4 and 5, Table II). However, the
changes in the water content and hydroxyproline content were
statistically insigniﬁcant.Discussion
In the present laboratory study the potential of CECT tomog-
raphy to diagnose mechanical injury of articular cartilage was
investigated. Especially, the effect of the injury on the contrast
agent diffusion coefﬁcient and diffusion ﬂux was investigated. It
was found that acute mechanical injury by an impact load affected
the contrast agent diffusion in cartilage and the injury could bean and 95% CI) in articular cartilage during the experiment.With both contrast agents
e reference samples (P< 0.05, at all time points). The difference between injured and
ts)
Iodide (reference) Iodide (injury) P
2 72.6 [71.0, 74.2] 75.8 [73.9, 77.6] 0.008
4 75.6 [73.3, 77.8] 80.0 [78.5, 81.5] 0.004
4 76.3 [73.8, 78.8] 80.8 [78.6, 82.6] 0.008
4 76.4 [73.9, 79.0] 81.2 [80.0, 82.5] 0.004
4 77.8 [75.6, 80.1] 81.9 [79.9, 83,9] 0.004
4 77.6 [74.7, 80.5] 82.4 [79.9, 84.8] 0.004
4 77.5 [75.4, 79.6] 81.7 [79.9, 83.5] 0.004
4 77.6 [75.4, 79.9] 81.9 [79.7, 84.2] 0.004
Table II
Composition of the reference and injured samples. Water content of the injured samples was increased about 2.5% compared to the control samples. Average (n¼ 9) diffusion
coefﬁcient and diffusion ﬂux for both contrast agents in the reference and injured samples. Diffusion ﬂux was calculated from ﬁtted data at the time point of 0.5 h, 1 h and 2 h.
There is no difference in the diffusion coefﬁcients between the reference and injured samples. Cartilage injury increased the ioxaglate ﬂux (P¼ 0.039) through the cartilage
surface. There was no signiﬁcant increase in the iodide ﬂux. Mean value and 95% CIs are presented in the table
Water
content (%)
Uronic acid
content
(mg/mg)
Hydroxyproline
content
(mg/mg)
OD Diffusion
coefﬁcient
(mm2/s)
Diffusion
ﬂux 0.5 h
(107 mol/sm2)
Diffusion
ﬂux 1 h
(107 mol/sm2)
Diffusion ﬂux
2 h (107 mol/sm2)
Ioxaglate
Reference 78.8 [77.5, 80.2] 5.6 [4.5, 6.7] 9.6 [9.1, 10.1] 1.95* [1.95, 1.96] 326 [293, 360] 16.6** [15.1, 18.0] 6.3*** [5.1, 7.4] 2.6 [2.2, 2.9]
Injured 81.7 [80.2, 83.3] 4.9 [4.0, 5.7] 9.6 [8.2, 11.0] 1.50* [1.49, 1.52] 341 [294, 389] 20.0** [18.4, 21.5] 7.5*** [6.4, 8.7] 2.4 [2.1, 2.7]
Iodide
Reference 78.8 [77.7, 79.9] 5.8 [4.6, 7.0] 9.2 [8.1, 10.3] 1.72* [1.71, 1.73] 937 [788, 1087] 95.1 [68.9, 121.2] 23.1 [18.2, 27.9] 3.2 [1.7, 4.8]
Injured 81.2 [79.3, 83.0] 4.7 [3.8, 5.5] 7.8 [6.3, 9.2] 1.50* [1.49, 1.50] 869 [776, 962] 109.6 [80.7, 138.6] 28.1 [21.6, 34.6] 4.2 [2.5, 5.9]
* Signiﬁcant difference between injured (n¼ 9) and reference (n¼ 9) samples (P¼ 0.044 and P¼ 0.007 for ioxaglate and iodide, respectively).
** Signiﬁcant difference between injured (n¼ 9) and reference (n¼ 9) samples (P¼ 0.027).
*** Signiﬁcant difference between injured and reference samples (P¼ 0.039).
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observed in PG (uronic acid), water and collagen (hydroxyproline)
contents between the injured and intact samples. This indicates
that the induced mechanical injury was relatively small.
The contrast agent penetration increased signiﬁcantly (P< 0.05)
in the injured samples compared to the intact ones. The histological
analyses suggested that there was a minor PG (i.e., FCD) loss in the
injured tissue. Thus, the increase in contrast agent penetration and
equilibrium content could be, at least partly, due to the PG loss. As
the PG loss in both injured groups was similar and the charges of
the applied contrast agents were identical (1), it is reasonable to
expect that the increase in diffusion would have been similar forFig. 4. Average (n¼ 9) contrast agent contents and diffusion ﬂuxes for iodide (A and C) an
injured samples for both contrast agents (not statistically signiﬁcant for iodide) between
estimation errors over all time points, including both injured and reference samples, wereboth contrast agents. However, the contrast agent penetration
increased signiﬁcantly (difference in bulk concentrations at
different time points, P< 0.05) more in samples immersed in iox-
aglate. In addition to the PG loss also other structural and compo-
sitional changes e.g., in collagen and water contents, probably
affected the diffusion10,13,28. It is known that mechanical injuries
increase the permeability of articular cartilage16, probably reducing
the steric hindrance of contrast agent diffusion. In the present
study, the diffusion ﬂux of anionic contrast agents in cartilage
increased after mechanical injury, suggesting that the permeability
of the cartilage was increased. The acute cartilage injury was
revealed by the CECT diffusion analysis. This is a promising ﬁndingd ioxaglate (B and D) as a function of immersion time. The diffusion ﬂux is higher in
0.5 h and 1 h. The error bars indicate the 95% CIs of the measurements. The average
0.60% and 5.00% for ioxaglate and iodide, respectively.
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Fig. 5. The depth-wise PG distributions in the samples obtained from the digital
densitometry. Zero denotes articular surface and one deep cartilage. The PG content in
the injured cartilage shows minor decrease throughout the cartilage depth.
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imaging are not optimal for detection of an acute cartilage injury29.
The difference in contrast agent penetration between the injured
and intact samples was greater with ioxaglate than with iodide
(P< 0.05). Moreover, the diffusion ﬂux of ioxaglate, but not that of
iodide, through the cartilage surface was signiﬁcantly higher
(P< 0.05) in injured samples at 30e60 min after the immersion.
Although the content of iodide increased in the injured cartilage, the
diffusionﬂux, asdetermined fromexponentialﬁt to the experimental
data, was not signiﬁcantly altered. Possibly, this is due to limited
number of time points inducing inaccuracy to the ﬁt. The diffusion
coefﬁcients were independent of the integrity of the cartilage and
remained unchanged after mechanical injury. Ioxaglate (M¼ 1269 g/
mol) is amuch largermolecule than iodide (M¼ 126.9 g/mol). As the
larger molecules interact more extensively with the cartilage matrix,
the greater size of ioxaglate may decrease its penetration rate into
cartilage10. Possibly, due to difference in the molecular size, pene-
tration of ioxaglate into injured cartilage can increase relativelymore
than that of iodide. In clinical use ioxaglate could be a better contrast
agent choice than iodide as it provides greater contrast between the
injured and intact tissue regions.
Importantly, the difference in contrast agent penetration
between the intact and injured samples was evident already after
1 h of immersion and the diffusion ﬂux of ioxaglate was signiﬁ-
cantly (P< 0.05) higher in injured samples already at 30e60 min
after the immersion. This suggests that cartilage injuries could be
detectedwell before reaching the diffusion equilibrium, e.g., shortly
after intra-articular injection of contrast agent. In clinical
measurements immediate imaging after the contrast agent injec-
tion is crucial as the contrast agent is known to leave the joint
capsule rapidly28,30.
In our earlier study the diffusion coefﬁcients of iodide and iox-
aglate were calculated for bovine articular cartilage. The diffusion
coefﬁcients were smaller than those reported in the present study
(475 mm2/s for iodide and 143 mm2/s for ioxaglate compared to
present 937 mm2/s and 326 mm2/s, respectively)25. The differences in
geometry of the sample (osteochondral sample, Ø¼ 6 mm vs carti-
lage disc, Ø¼ 4 mm) and the sample holder might have an effect on
diffusion and explain this discrepancy. However, the diffusion
coefﬁcients within one geometry are certainly more comparable.
In conclusion, this study showed that acute mechanical injury
can be detected by determining the diffusion ﬂux of contrast agent
using the CECT technique. The CECT method requires no analysis at
diffusion equilibrium, making its clinical use more feasible. The
results also suggest that the charge of the contrast agent molecule
is not the only determinant for contrast agent diffusion but the
integrity of the inner cartilage structure and molecular size of the
contrast agent affect the diffusion and distribution of contrast agent
in cartilage. To conclude, CECT is a potential method to diagnosearticular cartilage injuries in vivo. However, systematic further
studies are warranted to reveal its clinical potential.Author contributions
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